The stoichiometries, stability constants and deprotonation constants of the complexes formed between iron(II) and either of two heterocyclic hydrazones, di-2-pyridylmethanone 2-pyridylhydrazone (DPPH) or di-2-pyridylmethanone 2-quinolylhydrazone (DPQH), have been determined spectrophotometrically at 25° C and ,u=0.2. Iron(II) reacts with DPPH and DPQH in acidic media to form a dipositively charged bis complex, Fe(HL)22+, which undergoes successive deprotonation to monocationic (Fe(HL)L+) and neutral bis (FeL2) complexes, along with a decrease in the solution acidity. The acid-strengthening effect of coordinated metal on the imino group of the ligand is briefly discussed. There was no evidence for the formation of mono complexes. The logarithmic stability constants of the neutral complexes, FeL2, were 36.8 and 33.0 for the DPPH and DPQH complexes, respectively.
Trace quantities of iron(II) can be determined spectrophotometrically, respectively, with di-2-pyridylmethanone 2-pyridylhydrazone (DPPH, I) on the basis of complex formation in an acidic aqueous solutions and with di-2-pyridylmethanone 2-quinolylhydrazone (DPQH, II) by solvent extraction of the uncharged bis complex into benzene from a slightly acidic solution. 2 The stoichiometries of the iron(II) complexes with these ligands have also been discussed: Alexaki-Tzivanidous described that iron(II) reacts with DPPH at pH 2.9 to form a cationic 1: 3 (metal to ligand) complex with its absorption maximum at 538 nm. The reagent should therefore behave as a bidentate ligand coordinating to iron(II) through the azomethine-nitrogen and the pyridine-nitrogen donor atoms in the hydrazine moiety. Our results based on a stoichiometric study of three iron(II) complexes2, however, showed definite 1: 2 ratios of iron(II) to DPQH in all of the complexes, indicating that DPQH should act as a tridentate ligand coordinating through the three nitrogen atoms. On the other hand, Bell and Rose3,4 point out that 2-pyridylmethanone 2-pyridylhydrazone (PAPH), an analog of DPPH, may react with rhodium(III) and iridium(III) in the syn configuration (acting as a bidentate ligand) to form a tris complex, even though it behaves as a tridentate ligand to all other metal ions.
We therefore carefully investigated the stoichiometries, acid-base and spectral characteristics and stability constants of the iron(II) complexes formed with DPPH and DPQH in an aqueous dioxane solution. It is shown that each ligand forms three types of bis complexes (dipositively charged, monopositively charged and neutral) with Iron(II). There was no evidence for the formation of mono complexes. The iron(II) complexes with DPQH are somewhat less stable than are the corresponding complexes with DPPH. The results are also discussed in comparison with those obtained by Green et al. 5, 6 in titrimetric, spectrophotometric and thermodynamic studies of the iron(II)-PAPH complexes.
Experimental
Reagents DPPHand DPQH.
Each of the ligands was prepared by an interaction of the ketone and the hydrazine in stoichiometric amounts, and was recrystallized to a constant melting point from ethanol. s,7 Iron(II) solution.
Iron(II) standards were obtained by dilution of 0.01 M ammonium iron(II) sulfate acidified with sulfuric acid and standardized compleximetrically. Buffers.
When necessary, acetic acid and piperazine-N,N'-bis(2-hydroxypropanesulfonic acid) (Dotite Good's buffer) were used combined with hydrochloric acid or potassium hydroxide.
All organic and inorganic chemicals were of analyticalreagent grade. Ascorbic acid at a minimum concentration was used to prevent the oxidation of iron(II) to iron(III). Dioxane was freshly distilled before use.
Methods
Because of the limited water solubility of the ligands, the acid dissociation constants were determined in 28% (v/ v) aqueous dioxane. The ionic strength was held constant at 0.2 with potassium chloride. Spectrophotometric measurements on solutions previously equilibrated at 25±0.1 ° C were made in thermostated 1.00-cm quartz cells with a Hitachi U-3400 spectrophotometer. The blank cell contained 28% (v/ v) aqueous dioxane. A Toa Dempa HM-305 pH meter standardized against buffer solutions (pH 4.01, 6.86 and 9.18) was used for pH adjustments. The pH readings were corrected in order to obtain the hydrogen ion concentration according to a known method. Hence, the measured proton dissociation constants and stability constants were all stoichiometric constants. In the determination of the proton dissociation constants (Ka3) of the ligands the acidity function (H function) defined by Hammett8 for strongly basic solutions (pH~l2) was used.
Results
and Discussion
Protolytic equilibria of DPPH and DPQH The proton dissociation behavior of the ligands was studied spectrophotometrically.
Each of the ligands exists in solution in any of the following forms, depending on the pH:
From spectrophotometric evidence and comparisons with other heterocyclic hydrazones, the first deprotonation probably occurs at the pyridine-nitrogen in the hydrazine moiety for DPPH and the quinoline-nitrogen for DPQH. The second and the third deprotonations were assigned to proton release from one of the two pyridine-nitrogens in the ketone moiety and the iminonitrogen, respectively. The observed absorption spectra showed that the first and second deprotonation occurred in weakly acidic media, whilst the third one occurred in strongly alkaline media. (1) where CL denotes the total concentration of the ligand.
In the determination of Ka3 absorbance measurements were made on solutions containing the ligand at a constant concentration and sodium hydroxide at varying concentrations.
The H-values corresponding to the concentrations of sodium hydroxide added were obtained from tables compiled by Edward and Wang9 as well as Rochester.10 Evidence for the decomposition of the ligands began to appear in strongly alkaline solutions; calculations for obtaining Ka3 were thus performed by excluding the data points obtained at H-15.0 for DPPH and at H-?14.5 for DPQH. The value of Ka3 and the molar absorptivity of L-(eo) were obtained by minimizing U=4(Ai,obs-Ai,cal)2 on the basis of a simple acid-base equilibrium involving one-proton dissociation. The pKa values, thus obtained, are tabulated (Table 1) .
Stoichiometry ofthe complex formation
In 28% (v/ v) aqueous dioxane iron(II) reacts with each of DPPH and DPQH to form three complexes with different colors (red, greenish-brown and green), depending on the solution pH. An ion-exchange study using Amberlite IR-120A and Amberlite IRA-400 verified that the red and greenish-brown complexes are cationic, while the green one is uncharged. Figure 1 shows continuous variation plots for the iron(II) complexes which were interesting regarding the spectrophotometric determination of iron(II) with these ligands. Absorbance measurements had been carried out on the solutions prepared at the optimum acidities for Table   1 Equilibrium constants of DPPH and DPQH and their iron(II) complexes at 25° C the respective complexes. With DPQH as the ligand, the red complex was partly converted by the loss of one proton to the greenish-brown complex, even at low pH where uncomplexed iron(II) is present in the solution; the use of the former complex is thus unfavorable for the spectrophotometric determination of iron(II). The results shown in Fig. 1 clearly show that all of the complexes studied have a metal-to-ligand ratio of 1: 2, implying that both DPPH and DPQH act as a tridentate ligand for iron(II).
Proton dissociation of the dipositively charged complex, Fe(HL)~+
The two-proton dissociation constants, Kacl and Kac2, of Fe(HL)22+ (red species) were determined spectrophotometrically by using solutions of iron(II) (4.8X10-5 M) and a five-fold molar excess of the ligand. Experimental absorbance measurements showed that at equilibrium at these concentrations the formation of the protonated bis complex, Fe(HL)22+, does not overlap with the subsequent deprotonation step in the iron(II)-DPPH system, but does in the iron(II)-DPQH system. There was no detectable concentration of Fe 
Because of the relatively slow formation of Fe(HL)22+ from its components, the absorbance measurements were performed several hours after the preparation of each solution at room temperature. It was also found that the most stable and reproducible absorbance is obtained when the order of reagent mixing was as follows: iron(II), ascorbic acid, ligand in dioxane, buffer, and potassium chloride. The absorbances measured at selected wavelengths are plotted in Fig. 2 (HL)22+, which can be obtained from the stoichiometric relationships involved in the equilibria and by assuming the equilibrium constants (Kc, Kacl and Kac2) properly. The equilibrium constants and the molar absorptivities refined to give the minimum error square sum, U= (Ai,obs-Ai,cal)2, are summarized in Tables 1 and 2 , respectively. The calculated absorbances (solid lines in Fig. 2 ) are in good agreement with the experimental absorbance data, demonstrating the validity of all the constants determined. It can be seen from Table 1 that in both the Fe(HL)22+ and the Fe(HL)L+ species the acidity of the DPQH complex is considerably higher than that of the corresponding DPPH complex. The absence, or insignificance, of a lower iron(II) complex, while unusual, has parallels among similarly constituted ligands5'6, such as PAPH, 2,2'-bipyridine and 1,10-phenanthroline, which form colored, diamagnetic iron-(II) complexes.
The systems described above present interesting phenomenon regarding two distinct bis complexes linked by a reversible deprotonation reaction. The large acidstrengthening effect of the metal coordination upon the third dissociation of the ligand should also be noted. The present ligands, DPPH and DPQH, have a dissociable hydrogen atom which is remote from the site of metal coordination; the acidity of this hydrogen atom is greatly enhanced by the presence of iron(II), the effect being as much as 9 -11 pKunits. In metal complexes of hydrazones of this type the electron-withdrawing ability of the metal ion appears to be readily transmitted through the conjugated system of the ligand to the site of dissociation. Although the magnitude of the effect also appears to be influenced by the nature of the metal, e.g., the acidity of a water molecule in simple hydrated ions of the metal6, similar acid-strengthening effects have been observed in metal complexation with non-hydrazone ligands, such as 4-(2-pyridylazo)resorcinolll and 2-(2-pyridyl)benzimidazole12, which possess a phenolic hydrogen and an imino-hydrogen, respectively, at a position remote from the site of metal coordination.
The relatively small differences between pKac1 and pKac2 may be attributed to the wide spatial separation of Tables 1 and 2 . the two basic sites in each complexed molecule, which results in small inductive interaction.10 The two tridentate ligands thus lie in mutually perpendicular planes and loss of a proton from one should not modify the resonance or conjugation in the other. As a reasonable thermodynamic explanation of the small difference between pKacl and pKac2 for the iron(II) complex of PAPH, Green and Goodwin5 showed that the difference in the N-H bond strength, as measured by AH (enthalpy change), is even smaller and that the slightly weaker second stage is partly the result of a less favorable entropy change.
Stability constant of the uncharged bis complex, FeL2
From the several constants given in Table 1 Absorption spectra of the complexes Finally, the molar absorptivities of each of the three complex species, Fe(HL)22+, Fe(HL)L+ and FeL2, in the iron(II)-DPPH and iron(II)-DPQH systems were calculated as a function of wavelength over the range 420 -700 nm. The results are plotted in Fig. 3 .
